tbpA, fur, and fldA homologs from two strains (9L and 3384Y) of the sheep pathogen Histophilus ovis were sequenced. The predicted TbpA proteins of these strains are homologs of the Pasteurella multocida TbpA protein and collectively represent the second example of a new subfamily of TonB-dependent receptors. tbpA transcripts were readily detected by reverse transcription (RT)-PCR with RNA isolated from strain 9L grown under iron-restricted conditions in the presence or absence of bovine transferrin (Tf). However, with strain 3384Y and depending on the primer pair, tbpA transcripts were detected by RT-PCR predominantly when the RNA was from cells grown under iron-restricted conditions in the presence of bovine Tf. In both strains, the fldA homolog was found to be immediately upstream of fur and, based on RT-PCR, these genes are transcribed as a single unit; the availability of iron and the presence or absence of bovine Tf in the growth medium had no apparent effect on the relative amounts of the fldA-fur transcripts.
genes and to investigate the possibility that the upstream sequences might provide some clue to the mechanism of Tfdependent regulation of TbpA expression. Furthermore, since it was apparent that iron also plays a role in the expression of Tbp proteins, we sought to determine if H. ovis possesses a fur homolog.
Identification and sequencing of a tbpA homolog. The Nterminal amino acid sequence of the affinity-isolated 78-kDa Tf-binding polypeptide from strain 9L (DSNPATTVPN) was determined previously, but the identities of only the first three to five amino acids were considered to be definitive (see reference 4). Degenerate oligonucleotide primers based on this amino acid sequence and on sequences conserved in a variety of TbpA proteins, and also primers 223 and 224 of Ogunnariwo and Schryvers (22) , were used in PCRs with strain 9L DNA, but amplification products of the appropriate size and/or sequence were not obtained. Based on this experience, we found the recent publication by Ogunnariwo and Schryvers (23) , describing a novel TbpA protein from Pasteurella multocida, extremely interesting in that they reported having similar difficulties amplifying fragments of P. multocida tbpA by using a rapid-PCR-based approach (22) . The authors speculated that the failure to amplify appropriately sized fragments may be due to a lack of signature sequences in the P. multocida tbp genes. Alignment of the deduced amino acid sequences of the TbpA proteins from P. multocida (accession no. AY007725), Pasteurella trehalosi (accession no. AF312919), and Mannheimia (Pasteurella) haemolytica (accession no. U73302) with ClustalW (Biology Workbench; http://workbench.sdsc.edu/) revealed at least three regions with homologous amino acids. The nucleotide sequence of P. multocida tbpA, corresponding to conserved regions AIRGVDK and SKTGYTSKN, was used to design forward (PmF1; 5Ј GCTATCCGTGGCGTTGATA AA) and reverse (PmR2; 5Ј GTTTTTTGAAGTATAGCCGG TTTTAGA) primers, respectively, and with these primers, DNAs from the five strains of H. ovis and the Expand High Fidelity PCR System (Roche Diagnostics, Laval, Quebec, Canada), an appropriately sized (ϳ300-bp) fragment was amplified from each strain. These amplification products were ligated into pGEM-T Easy (Promega, Madison, Wis.) and transformed into Escherichia coli DH5␣. Plasmids harboring the correct insert, as verified by colony PCR, were isolated from transformants, and such inserts were sequenced with pUC sequencing primers and a BigDye sequencing kit (PE Biosystems, Foster City, Calif.). The ϳ300-bp products obtained with the DNAs from all five strains were very similar (results not shown), and a BlastX search revealed that all were homologous to the TbpA of P. multocida. The single-stranded sequence of tbpA from strain 9L was determined by sequencing products generated by inverse PCR (19) and/or by direct genomic sequencing (13) . Primers based on this singlestranded sequence were used to amplify tbpA, including upstream and downstream regions, from strains 9L and 3384Y with the Expand High Fidelity PCR System (Roche Diagnostics). The resulting PCR products, purified with the QIAquick PCR Purification Kit (Qiagen, Mississauga, Ontario, Canada), were used directly as templates for the sequencing of both strands with primers based on the single-stranded 9L tbpA sequence.
The deduced amino acid sequences of the mature TbpA proteins from strains 9L (733 amino acids) and 3384Y (734 amino acids) indicate molecular masses of approximately 83 kDa, and the predicted proteins share 97% identity based on BlastP analyses. On the basis of web-based SignalP V2.0 (http://www.cbs.dtu.dk/; 18), the cleavage site, resulting in mature TbpA proteins from both strains, was predicted to be between residues 26 and 27 (ALSLA2DSNPA). This prediction is in keeping with the results of the N-terminal sequence analysis since the first five amino acids of the affinity-isolated, 78-kDa Tf-binding polypeptide are identical to those following the predicted cleavage site. Furthermore, this confirms that the 78-kDa Tf-binding polypeptide isolated from strain 9L (and, most probably, 3384Y) is TbpA. The first two BlastP results revealed that the H. ovis TbpA proteins share 72 to 73% identity with the TbpA of P. multocida and 31% identity with a hemoglobin receptor of Neisseria meningitidis. As was the case with the TbpA of P. multocida (23), the TbpA proteins of H. ovis share limited identity with classical TbpA proteins of other, comparable, organisms and such findings suggest that the H. ovis TbpA proteins represent, collectively, the second example of a new subfamily (23) of TonB-dependent receptors.
Based on the requirements for the expression of the TbpA proteins of strains 9L and 3384Y, we anticipated that there would be a difference between the promoter regions of the two genes; however, they were found to be identical (Fig. 1 ). Putative Ϫ10 and Ϫ35 sequences are identical to consensus 70 RNA polymerase binding sites (see, e.g., reference 31) and a potential Fur box (13 of 19 bases match the E. coli consensus; 5) overlaps the Ϫ10 region. Following the ribosomal binding site is the uncommon start codon TTG, which, in the E. coli genome, constitutes only 1.1% of the start codons (11) . Downstream of tbpA are two inverted repeats ( Fig. 1 ) that may be involved in transcriptional termination and on the opposite strand, there is a partial orf encoding the carboxy-terminal end of a diacylglycerol kinase-like protein (see GenBank accession numbers). BlastX searches with the sequence upstream of both tbpA genes, including an additional 650 bases of singlestranded sequence (strain 9L; unpublished data), failed to reveal any orf with significant homology to any protein in the database.
To date, all of the organisms that acquire iron from Tf by a contact-dependent mechanism, with the probable exception of P. multocida (23) , employ a two-receptor system composed of the proteins TbpA and TbpB (see, e.g., reference 9). In most organisms, the genes encoding the Tbp proteins are arranged in an operon, with tbpB preceding tbpA, and the promoter controlling the expression of both genes is located upstream of tbpB (see, e.g., references 7, 8, 14, and 24). Although a tbpB homolog did not appear to be present upstream of H. ovis tbpA, the genetic arrangement tbpBA is not conserved in all organisms. For example, tbpA of Moraxella catarrhalis is upstream of tbpB; these genes are separated by an unknown orf, and each of the three genes appears to have its own promoter (17) . Notably, recombinant M. catarrhalis TbpB is able to bind Tf after sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transfer to polyvinylidene difluoride (17), a defining characteristic of the TbpB proteins described to date (see, e.g., references 6 and 26-28). Following sodium dodecyl sulfate-polyacrylamide gel electrophoresis, however, and transfer to nitrocellulose, the 78-and 66-kDa Tf-binding polypeptides from strains 9L and 3384Y failed to bind bovine Tf (results not shown). Although it is tempting, therefore, to conclude that H. ovis does not possess a TbpB or tbpB homolog, we cannot preclude its existence absolutely; in effect, the significance of the 66-kDa Tf-binding polypeptide remains obscure.
Sequencing of fur and fldA homologs. The availability of iron influences the expression of Tbp proteins in H. ovis (4), suggesting that H. ovis may possess a Fur homolog. Fur, with its corepressor, iron, is able to repress the transcription of ironregulated genes (12) . The conserved amino acid sequences VGLKITEPR and HHDHIICEDC in the Haemophilus influenzae Fur protein (accession no. U32704), as identified by Daniel et al. (3) , were used to design degenerate forward (Fur3; 5Ј GTIGGIYTIAARATIACIGARCCIMG) and reverse (Fur5; 5Ј RCARTCYTCRCARATRATRTGRTCRTG RTG) primers, respectively. With these primers and DNA isolated from strain 9L, PCR yielded a product with an anticipated size of ϳ250 bp. This product was cloned and sequenced as described above, and BlastX searches revealed that it encoded a Fur homolog. A strategy similar to that used for the sequencing of tbpA was employed to determine the singlestranded sequence of fur from strain 9L and, subsequently, the complete double-stranded sequence of fur from strains 9L and 3384Y. During initial sequencing, we noted that immediately (16 bp) upstream of fur, there was an orf (fldA) encoding a flavodoxin homolog. It has been suggested that flavodoxin maintains the reduced state of enzymatic Fe-S clusters and is involved in defense against oxidative stress (32) . Since the intergenic region lacked an obvious promoter sequence, fldA and the 190 bp upstream of fldA were sequenced to determine if either of these regions contains a promoter. The genetic arrangement, fldA-fur, has been observed in many organisms (see e.g., 32), including P. multocida (15) . A well-documented association exists between oxidative stress defenses and the regulation of iron uptake (for a review, see reference 29) , suggesting that the genetic organization, fldA-fur, reflects a need for their coordinated expression (32) .
RT-PCR of tbpA and fldA-fur transcripts. H. ovis strains 9L and 3384Y were grown in 200 ml of sTYE-H as described previously (4) . When the optical density was ϳ0.05, 25-ml aliquots were removed quickly to sterile 125-ml screw cap Nalgene flasks, ethylenediamine di(o-hydroxyphenylacetic acid) (to 50 M for iron-restricted conditions) and bovine Tf (2 mg) were added as appropriate and the flasks were returned to the incubator. Growth was monitored turbidimetrically at 660 nm. The organisms were harvested in exponential phase (optical density, ϳ0.3 to 0.75, depending on the strain and growth conditions), washed immediately with phosphate-buffered saline, and resuspended in RNAlater RNA Stabilization Reagent as described by the manufacturer (Qiagen). RNA was isolated with the RNeasy Mini Kit (Qiagen), and contaminating DNA was removed by two consecutive on-column treatments with RNase-free DNase (Qiagen). RNA concentrations were determined spectrophotometrically (260 nm; Lambda 3B UV/VIS spectrophotometer; Perkin-Elmer). RT-PCR was performed with the OneStep RT-PCR Kit (Qiagen) as recommended by the manufacturer, with 1 ng of the appropriate RNA sample (or an aliquot of DNA [positive control]) and primers as indicated in Fig. 2 . Negative controls, in which RNA isolated from cells grown under all conditions served as the template for PCRs with the different primer combinations (as described in Fig. 2) , did not yield any detectable amplification products (results not shown), confirming that the RNA samples were free of contaminating DNA. Duplicate RT-PCR experiments, with newly isolated RNA, yielded comparable results.
The genetic organization of fldA-fur suggested that these genes may be cotranscribed, and in keeping with this suggestion, RT-PCR with a forward primer (fldA) inside fldA and a reverse primer (fur) inside fur yielded a product of the appropriate size (Fig. 2) . With a forward primer based on a singlestranded DNA sequence (strain 9L; unpublished data) that is farther upstream of fldA than the sequence submitted to the GenBank database, in combination with the reverse fur primer, also resulted in an appropriately sized amplification product (results not shown), suggesting that the promoter controlling the expression of these two genes is located upstream of fldA and beyond the sequence submitted. Although it was not our intention to determine if environmental conditions affect the transcription of fldA-fur, it was noted that the iron content of the medium and the presence or absence of Tf had no effect on the relative amount of the fldA-fur transcript. Since the amount of the fldA-fur transcript, as detected by RT-PCR, remained essentially the same for each strain, regardless of the growth conditions, these transcripts could be used as controls to ensure that equivalent amounts of RNA, from organisms grown under the different conditions, were used in the RT-PCR experiments. While the TF1-TR1 primer pair used in the RT-PCR with RNA isolated from strain 9L, grown under ironrestricted conditions in the presence or absence of bovine Tf, allowed the identification of tbpA transcripts, such transcripts were detected with RNA isolated from strain 3384Y only when the organisms were grown under conditions of iron restriction in the presence of Tf (Fig. 2) . Similarly, while TbpA was expressed by cells of strain 9L when grown under conditions of iron restriction in the presence or absence of bovine Tf, TbpA was expressed by cells of strain 3384Y only if the organisms were grown under conditions of iron restriction in the presence of bovine Tf (4). However, when the TF2-TR2 primer pair was used, RT-PCR allowed the identification of tbpA transcripts with RNAs isolated from strains 9L and 3384Y grown under conditions of iron restriction in the presence or absence of bovine Tf. Although RNA isolated from strain 3384Y grown under conditions of iron restriction allowed the identification The promoter regions of tbpA in strains 9L and 3384Y are essentially identical, suggesting that despite the different genetic backgrounds, initiation of transcription should take place under similar environmental conditions. While the involvement of Fur remains to be confirmed experimentally, the putative Fur boxes in the promoter regions upstream of tbpA and the identification of fur homologs in both strains help to explain the requirement for iron-restricted conditions for the transcription of tbpA. The environmental conditions required for TbpA expression in strain 9L are the same as those that resulted in the detection of increased amounts of tbpA transcripts by RT-PCR; on the other hand, with strain 3384Y, tbpA transcripts were readily detected by RT-PCR even when the growth conditions were such that TbpA expression was not detected (i.e., iron-restricted conditions). It appears, therefore, that the expression of TbpA in strain 9L is regulated at the level of transcription, as is the case with other, comparable, organisms (9) . The regulatory mechanisms controlling the expression of 3384Y TbpA, however, appear to be more complex since appreciable tbpA transcript amounts were detected (with primer pair TF2-TR2; Fig. 2 ) in RNA samples isolated from cells grown under iron-restricted conditions, conditions under which Tf-binding activity could not be detected. This suggests that regulation of TbpA expression in strain 3384Y may occur, to some extent, at the posttranscriptional level. One mechanism for posttranscriptional regulation involves the production of antisense RNA which is complementary to the mRNA from the gene it regulates; antisense RNA may act by inhibiting translation or possibly by destabilizing the mRNA (2, 16) . Further studies are needed to fully characterize the mechanism of Tf-dependent regulation of TbpA expression.
Nucleotide sequence accession numbers. The nucleotide sequences of tbpA from strains 9L and 3384Y were submitted to the GenBank database and assigned accession numbers AY040784 and AY040785, respectively. The sequences of fldA-fur from strains 9L and 3384Y were submitted to the GenBank database and assigned accession numbers AF386645 and AF386646, respectively.
